Abstract-The effects of heavy-ion test conditions and beam energy on device response are investigated. These effects are illustrated with two types of test vehicles: SRAMs and power MOSFETs. In addition, GEANT4 simulations have also been performed to better understand the results. Testing to high fluence levels is required to detect rare events. This increases the probability of nu- Manuscript received September 27, 2011; revised January 12, 2012; accepted January 16, 2012 clear interactions. This is typically the case for power MOSFETs, which are tested at high fluences for single event burnout or gate rupture detection, and for single-event-upset (SEU) measurement in SRAMs below the direct ionization threshold. Differences between various test conditions (e.g., "in air" or vacuum irradiations, with or without degraders) are also explored. Nuclear interactions with any materials in the beam's path can increase the number of high collected charge events potentially impacting the experimental results. A "species" effect has been observed in the power MOSFET devices examined in this work. When the beam energy increases, the single-event-burnout (SEB) voltage is constant, such that the SEB voltage is determined only by the species of the ion beam. The species effect is shown to be due to high collected charge events induced by nuclear interactions, which can lead to premature SEB. If a device is sensitive to the species effect, the worst-case test conditions will be for the heaviest ion species, which can produce the largest linear-energy-transfer (LET) secondaries. SRAMs can also be sensitive to the species effect below the direct ionization threshold LET. For the devices used in this work, the worst-case energy for SEU characterization is 10 0 s MeV=u where the species dominates the device response. In the 10's MeV/u range the heaviest species result in the largest cross sections. However, at very high energies (100's MeV/u), the species is not the dominant parameter because of differences in the population of secondaries created by nuclear interactions. At very high energies the SEU cross section below the direct ionization threshold LET decreases by several orders of magnitude compared to 10's MeV/u SEU data. The results of this work emphasize that there is no such thing as an "ideal" test facility. Nevertheless, these results can be used by experimenters to optimize the integrity of their results for given test conditions. Index Terms-Ion beam energy, power MOSFET, species effect, SRAM.
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I. INTRODUCTION
A NUMBER of heavy-ion test conditions can impact the device-under-test (DUT) response and hence, the results and conclusions of the test. The reason is that interactions of the beam with materials in the beam's path (e.g., air/vacuum transition foils, collimators, degraders and detectors) can induce significant amounts of energy straggle causing a distribution in ion energies and effective LETs in the device sensitive volume. For example, many facilities use a thin foil of heavy material (W or Au) as a degrader several meters upstream in the beam's path to enlarge the beam spot on the DUT. Energy straggle can also occur on the edge of collimators, which are frequently used to 0018-9499/$31.00 © 2012 IEEE define the beam's aperture. Some facilities also use a thin detector placed in the beam's path for beam dosimetry. Finally, radiation testing at high energy facilities is often performed in air, which induces additional interactions in the air and in the air/vacuum transition foil. In all cases, the complete energy distribution needs to be taken into account to analyse the device response under irradiation.
In the case of power MOSFETs, it has been shown that the voltages for single-event-burnout (SEB) and single-event-gaterupture (SEGR) may be linked to the ion species, rather than to solely the ion LET [1] - [3] . The mechanisms for this species effect need to be further explored in power MOSFETs. In the case of SRAMs and analog ICs, the device sensitivity in the vicinity of the threshold LET has been shown to depend on the ion energy [4] - [6] . These past studies have shown that high-LET secondaries created by nuclear interactions can have an increasingly larger impact on the SEU characteristics as the ion energy is increased in the 10's MeV/u range [5] , [6] . However, from previous work, it is not known if the SEU characteristics continually degrade with increasing ion energy or if there is a worst-case ion energy for SEU characterization [6] .
In this work, the effects of heavy-ion test conditions on device hardness are investigated. These include the effects of beam energy, and differences between test conditions like "in air" and vacuum irradiations. The effects of shadowing from bond wires in the case of power MOSFETs are analyzed. The measurement of "rare" events, such as SEUs in SRAMs below the threshold LET or destructive events in power MOSFETs, are measured as a function of beam energy. Simulations using GEANT4 are used to help understand the observed results. This work has important implications for the development of reliable test guidelines for hardness assurance testing for space environments.
II. DESCRIPTION OF EXPERIMENTS AND SIMULATIONS
Several different facilities were used in this work covering a wide range of ion energies. The facilities used were Université catholique de Louvain Heavy Ion Facility (UCL-HIF) [7] , University of Jyväskylä Radiation Effects Facility (RADEF) [8] , Texas A&M Radiation Effects Facility (TAMU) [9] , Grand Accélérateur National d'Ions Lourds (GANIL) [10] and GSI Helmholtz Centre for Heavy Ion Research [11] . For energies below 10 MeV/u (UCL with the low energy cocktail and RADEF at 9.3 MeV/u), the majority of the tests were performed in vacuum. However, some of the RADEF irradiations were also performed in air to compare the amount of charge collection between irradiations performed in air and vacuum. At higher energies (TAMU, GANIL, GSI), all tests were performed in air. At TAMU, the 15 MeV/u and 25 MeV/u cocktails were both used with or without degraders to vary the ion energy. The degraders at TAMU are placed in vacuum so that the DUT can be placed close to the air/vacuum transition foil, typically less than 2 cm. At GANIL, only one ion was used . The beam energy is varied at GANIL by using different aluminum degrader and air thicknesses. The degraders at GANIL are placed in air, between the air/vacuum transition foil and the DUT. The transition foil-degrader distance is fixed (2 cm), while the degrader-DUT distance can vary from about 5 cm up to 15 cm. At GSI, tests were also performed in air using only one ion . The primary energy of the beam was tuned from 100 MeV/u to 1000 MeV/u to vary the ion LET. No degrader was used. The devices were placed about 1 meter from the air/vacuum transition foil for the GSI irradiations. In the following experiments, the value of the beam energy is considered at the DUT surface.
Each facility has developed its own dosimetry system to measure fluence and flux. The designs of the dosimetry systems take into account the beam energies and other facility constraints. The beam dosimetry at RADEF and TAMU is located in the vacuum chamber and is based on the same principles. It consists of five diodes, one placed in the center and the four others on the edges of the Gaussian beam. Once the diodes on the edges of the beam have been calibrated using the center diode, the center diode is removed so that there is no dosimetry element in the center of the beam's path (i.e., the portion of the beam incident on the DUT). During irradiation, the beam fluence and uniformity is monitored with the four remaining diodes. At GANIL and GSI, the beam spot is swept over a relatively large irradiation window (in the 10's cm range) with the possibility to irradiate several DUTs at the same time. The beam is monitored during irradiation by dosimetry elements placed in air on the edges of the irradiation window. However, at UCL dosimetry is performed with a parallel plate avalanche counter placed in vacuum in the beam's path.
Several test vehicles were used to analyze the effects of beam energy. The first test vehicle is referred to as the "Reference SEU Monitor" and has been used by several facilities in Europe to monitor beam dosimetry and uniformity [12] , [13] . Using this test vehicle, static SEU measurements at RADEF and TAMU (from [14] ), were compared with measurements performed at very high energies at GSI. For each beam condition, two SEU measurements were successively performed either with checkerboard or complementary checkerboard patterns to verify the consistency of the SEU monitor response.
The second type of test vehicle used in this study is a modified version of an International Rectifier 200-V N-channel radiation hardened power MOSFET. The commercial version, the IRHC57230SE, does not exhibit SEB up to its rated breakdown voltage 200 V, and is not sensitive to SEGR at low gate biases. The modified version of the device (ENG-57230SE) was intentionally designed to be SEB sensitive. The gate was grounded during all SEB tests to avoid SEGR. More details about the engineered device (ENG-57230SE) can be found in [2] .
For the standard type of these engineering ENG-57230SE devices, the source and gate bond wires are attached on the sides such that shadowing from bond wires is reduced (see Fig. 1  left) . However, for several devices, extra bond wires were intentionally added over the die (Fig. 1 right) . These extra 20-mil diameter bond wires have no electrically active role because they are connected on either side of the TO3 package. Their purpose is to mimic the shadowing effect from source bond wires, when attached in the middle of the DUT. The areal cross section of these extra bond wires is similar to the areal cross section of bond wires used in the fabrication of numerous power MOSFETs [15] , [16] .
Another type of 200V N-channel power MOSFET was also used: the MM2K. It is an unhardened device fabricated by STMicroelectronics. The MM2K is mounted on a PCB with short and very thin bond wires to minimize "shadowing" effects, i.e., ion energy loss in bond wires before reaching the die [15] , [16] .
The last test vehicle used in this study is a Silicon Surface Barrier Detector (SSBD) fabricated by Canberra. It is a fully-depleted PIN diode with a 310-thick intrinsic silicon depletion region (reference CANBERRA, FD-50-15-300-RM). It was biased at 60 V. It is used to characterize the beam energy by measuring the charge deposited in the fully depleted intrinsic region.
The Geant4 simulations were performed either by using the Spenvis tools (GEMAT in 3D or Mulassis in 1D [17] ), or directly with Geant4 (version 9.4.1) [18] to get more detailed information on the species and energy of the secondary recoils. Simulations were also performed using MRED through the CRÈME-MC interface [19] . Some differences were noted between tools, as each one is developed by different groups; however, the simulated results qualitatively agreed. The models used were electromagnetic and hadron interactions [20] , [21] . The electromagnetic model takes into account the scattering of the incident ion with the electrons and nuclei in the target material; the electronic scattering is also called direct ionization. The hadron model simulates the nuclear interactions between the incident ion and the nuclei of the target material; it is sometimes referred to as indirect ionization because the heavy recoils of the nuclear interactions (heavy secondaries) are also ionizing particles and in some cases deposit more charge than the incident particle.
III. EXPERIMENTAL RESULTS

A. Effect of the Ion Species
The effect of the ion species is first illustrated by examining single-event-burnout (SEB) in power MOSFETs. Fig. 2 summarizes SEB voltage measurements of the engineering device, ENG-57230SE, as a function of the incident ion beam energy. The SEB measurements were destructive (no resistance in the drain path), so each point in Fig. 2 corresponds to a single DUT. More than 50 samples were used for these experiments.
The ion species used were Cu, Kr and Xe. Cu data were taken at TAMU only. Kr data were obtained at UCL, RADEF and TAMU. Xe data were taken at four facilities, TAMU, UCL, RADEF and GANIL. Two different test set-ups were used, one from NASA-GSFC, which was used for all measurements performed at TAMU (see details in [2] ) and the other one from ESA (European Space Agency), used for all measurements performed at the European facilities (GANIL, RADEF and UCL). Results were consistent between the four facilities and the two test set-ups.
For each beam condition (energy and species), the drain voltage is increased in either 5 V (at TAMU and GANIL) or 2 V (UCL and RADEF) steps per irradiation run. Each irradiation run is performed at a constant drain voltage (gate grounded) up to a total fluence of or until SEB occurs. This fluence of has been calculated such that a sufficient number of ions actually reach the device sensitive area (about in our case), as recommended in the power MOSFET test guidelines [22] .
One first point in Fig. 2 illustrates the effect of the ion species on the SEB voltage. The worst-case (lowest) SEB voltages are measured for the heaviest ion species (Xe), while higher SEB voltages are observed for successively lighter ions, Kr and Cu. The SEB voltage increases as the atomic number of the beam species decreases (lighter ions). The effect of ion species on SEGR has been observed previously and is now well established [1] , [3] . However for SEB, the effect of the ion species has been highlighted only very recently [2] .
A worst-case energy can be distinguished in Fig. 2 at about 6-10 MeV/u for all species, corresponding to the maximum deposited charge by direct ionization in the 20-thick epitaxial layer. For the lowest energies , the SEB voltage increases because of the low beam range and the reduced deposited charge in the sensitive epitaxial layer.
The results of Fig. 2 also show that the SEB voltage does not have a strong dependence on the ion LET of the incident ion. Above the worst-case energy, the SEB voltage was expected to increase because of the lower beam LET at higher energies, but it is actually about constant. This is especially visible for the Xe data acquired at GANIL, which extends up to the highest ion energies. Even if the LET of Xe ions at 46 MeV/u is reduced by a factor of about 2.5 compared to the worst-case energy ( at 6 MeV/u), the SEB voltage only slightly increases from 75 V to 85 V. In addition, if one compares the Xe data with the Cu data, the LET for Xe ions at 46 MeV/u is the same as for Cu ions at ( at DUT surface). However, the SEB voltage for 46 MeV/u Xe ions remains significantly lower than for 6 MeV/u Cu ions, 85 V compared to 115 V. This further illustrates that the effect of the ion species, which was previously observed for SEGR [1] , [3] , also applies to SEB [2] . Whatever the ion energy (except if the ion energy is too low), the SEB failure voltage is approximately constant and depends principally on the beam species. Fig. 3 is a plot of the fluence level where SEB failure occurred for all Xe irradiations at UCL, RADEF and GANIL as plotted in Fig. 2 . Although there is much more variation in SEB fluence with ion energy than for SEB voltage with ion energy (note that the Y-scale of Fig. 3 is a logarithmic scale), the same worst-case energy is observed around 6-10 MeV/u where the energy deposited by direct ionization in the sensitive epitaxial layer is the highest. Variations in the SEB fluence levels at failure are due to the statistical nature of the ion strike positions capable of inducing failure. At the worst-case energy, the SEB fluence is minimum, meaning that a significant part of the device area is sensitive to SEB. Below the worst-case energy the SEB fluence tends to increase, though with large statistical variations. This reflects the significant distribution of the beam characteristics when working "after" the Bragg peak, i.e., at low energies when the ion LET decreases in the DUT sensitive epitaxial layer. Above the worst-case energy, the SEB fluence first increases, then tends to saturate for the highest energies, though again with significant variations.
One last point regarding Fig. 3 is that when the beam energy departs from the worst-case condition (either very low or very high energies), SEB is observed in some cases close to the maximum fluence of used in this work. If the maximum fluence per run had been placed at (the minimum fluence recommended in power MOSFET test guidelines [23] ), the test results would have been different with 
1) Shadowing Effect:
The shadowing effect is characterized by the energy loss of the incident beam by direct ionization when crossing bond wires before reaching the die surface. Shadowing is observed in power MOSFETs when the source bond wires are attached in the middle of the DUT itself, which is common practice for power MOSFETs.
The engineering ENG-57230SE devices with extra bond wires were characterized at GANIL with Xe ions at energies ranging from 9.3 MeV/u up to 46 MeV/u (open symbols in Figs. 2 and 3) . The corresponding LET values range from at 9.3 MeV/u down to at 46 MeV/u. In Fig. 2 , data clearly show that the SEB voltage does not vary strongly with the Xe ion energy, even less than for the standard type (without extra bond wires). Shadowing causes a large spectrum of beam energies (and LET values) reaching the die [15] , [16] but has minimal effect upon the measured SEB threshold voltage This large spectrum in ion LETs is due to degradation in ion energy by direct ionization as part of the beam transmits through the bond wires. In Fig. 3 , the SEB fluence of the DUTs with extra bond wires is close to the standard type DUTs, though slightly lower and with less statistical variation especially at high energy. It is unambiguously minimum at 9.3 MeV/u around , and remains stable at few at higher energies. The effect of shadowing is also clearly visible with charge collection measurements. Fig. 4 displays charge collection performed on the ENG-57230SE engineering samples with or without extra bond wires at high Xe ion energies (46 MeV/u). For the devices with extra bond wires, because of shadowing, the charge collection measurements performed at 70 V (below the SEB voltage) clearly show a large collected charge spectrum, reaching the saturation of the charge sensitive preamplifier. For the devices without extra bond wires, the collected charge was acquired at different drain voltages (gate grounded). The core of the collected charge distributions slowly increases with drain voltage, but below that required to saturate the preamplifier. However, a few high collected charge events-with low probability, about -are visible in the distributions, approaching the preamplifier saturation. Such high collected charge events have been observed also under the same beam conditions (GANIL 46 MeV/u Xe) but for a different device in [16] .
2) High Collected Charge Events by Nuclear Interactions:
To confirm the presence of high collected charge events even without shadowing from bond wires, charge collection measurements have been performed also on the MM2K devices. These devices have very thin bond wires and shadowing can be neglected. At high energy (46 MeV/u Xe), the change in LET in the device after ions go through the bond wires ( of aluminium) is not significant (less than 2%). Fig. 5 compares the collected charge distributions at GANIL (46 MeV/u Xe) and RADEF (9.3 MeV/u Xe). The collected charge at RADEF is close to the worst-case distribution since the average Xe ion LET in the device epitaxial layer is , for a peak Xe ion LET of . At GANIL, the high-energy Xe beam (46 MeV/u) has a lower LET and results in lower collected charge than for RADEF irradiations as shown in the first part of the GANIL distribution.
However, the second part of the spectrum at GANIL clearly displays a distribution of high collected charge events with a probability below . This is very similar to the low probability charge collection events for reduced shadowing observed in Fig. 4 for the ENG-57230SE devices. Thus, even with limited shadowing, high collected charge events can be observed. The GANIL distribution even rejoins the worst-case RADEF distribution for probabilities of . This is another indication of a "species" effect in these devices. These high collected charge events could potentially cause premature SEB, if the device is sufficiently sensitive. Because SEB measurements are performed at high fluence , such low-probability events are present and may trigger SEBs even for devices without shadowing from bond wires.
These high collected charge events are likely due to inelastic nuclear interactions of the incident ions on target nuclei. Nuclear interactions occur when the incident ion interacts with materials in the device itself, but also any materials in the beam's path. When testing in air, nuclear interactions may occur in the air/vacuum transition foil or in air. Nuclear interactions can also occur in Al degraders (if used to adjust the beam energy to experimenters' requirements). When testing in vacuum, facilities often use a diffusing foil consisting of a heavy material (e.g., 1 um or less of W or Au) several meters upstream in the beam's path to obtain a larger diameter beam at the DUT. In this paper, all irradiations performed in vacuum at RADEF were performed without diffusers unless otherwise specified.
To recap, we have presented two examples of a species effect. One is due to shadowing from bond wires. For this case, high collected charge events arise as ions loose energy in the bond wires resulting in higher LET ions in the sensitive volume. A second is due to nuclear interactions of the ions with materials in the paths of the ions (including air for "in air" irradiations) and in the DUT itself. These nuclear interactions can also generate high-LET secondary ions. Al on top of a thick Si epitaxial layer (sensitive layer). In one case, diameter bond wires were simulated on the die surface. The presence of thick bond wires (as often used for power MOSFETs) results in a large probability-close to 10%-of high collected charge events. The simulation confirms the effects of shadowing, i.e., high-energy incident particles lose energy if going through the bond wires. These particles have lower energies-and higher LETs-than the primary beam.
For a second set of simulations, the bond wires were removed and the simulation reproduces the test conditions for tests performed in air without shadowing from bond wires. Interactions in the air and in the air/vacuum transition foil are taken into account. The simulated distribution still displays high deposited charge events, but with a lower probability, below . The high deposited charge events are induced by nuclear interactions in the DUT itself and all elements in the beam's path before reaching the DUT. This simulation is in reasonable agreement with the experimental results for the MM2K power MOSFETs as displayed in Fig. 5 .
A third set of simulations was performed to distinguish between the contributions in charge collection for tests performed in air compared to tests performed in vacuum. For tests performed in vacuum, the simulation assumes that there is no element in the beam's path and that the beam energy is perfectly monoenergetic when reaching the die. However, a distribution of high deposited charge events is still observed, albeit with a lower probability than for tests performed in air (about instead of ) and with a reduced magnitude of deposited charge. The difference between air and vacuum simulations arises from interactions in the beam's path before reaching the device. The events observed in vacuum are induced solely by nuclear interactions in the device itself, i.e., in the overlayers and the silicon sensitive layer.
In a fourth set of simulations, the Geant 4 Binary Cascade model for inelastic nuclear interactions was not included. The simulation takes into account the sole elastic Coulomb scattering model [23] for scattering of the incident ions with the target material electrons and nuclei. It is then verified that in the vacuum case (assuming no element in the beam's path) the distribution of high deposited energy events is significantly reduced down to a probability of . One important metric to establish the nature for nuclear interactions between the incident ion and the nuclei of the device atoms is the Coulomb barrier [20] . For incident Xe ions in silicon, the Coulomb barrier is 4.2 MeV/u. This means that, if the incident Xe ion beam energy is larger than 4.2 MeV/u, the incident particles have sufficient energy to overcome the Coulomb barrier of the silicon nuclei and inelastic nuclear interactions are possible. In Fig. 6 , the incident Xe energy (46 MeV/u) is one order of magnitude larger than the Coulomb barrier. As a result, inelastic nuclear interactions contribute to a large part of the high collected charge events.
In the simulated "vacuum" case ( Fig. 6) , it was assumed that there were no elements in the beam's path. However, in reality, even without a diffusion foil, there might still be elements such as a collimator for defining the beam's aperture. Elastic Coulomb scattering on the edges of a collimator, if placed at a reasonable distance from the DUT (from centimetres to few meters), can contribute to low energy (high LET) events reaching the DUT. The simulations in Fig. 6 must then be considered as a "best-case" regarding the high collected charge events compared to real test conditions. To get further insight into the products from inelastic nuclear interactions, the species of the secondary nuclear products have been extracted from simulations in the vacuum case. Fig. 7 displays the number of isotopes generated by incident high-energy 46 MeV/u Xe ions in the epitaxial layer of the power MOSFET. A large number of light species (i.e., protons, neutrons, several isotopes of hydrogen and helium) were generated, but these light species do not have sufficient stopping powers to cause SEB. On the other hand, a significant number of heavy secondary species (2850 for incident Xe ion, i.e., probability) were counted in the sensitive volume. Their probability of presence in the sensitive volume fits with the probability of high deposited charge in the sensitive volume (Fig. 6, vacuum case) .
These heavy secondaries are all close elements to the incident , some heavier, some lighter, ranging from (Cadmium) to (Neodyme). Such distributions of heavy secondaries are typical of the 10's MeV/u incident beam energy range. Since part of the incident particle energy is lost in the nuclear interactions, the heavy secondaries have lower energies-and larger LETs-than the incident 46 MeV/u ions. As a rule of thumb, their maximum LET is close the Xe LET at the Bragg peak value. They contribute to the distribution of high collected charge events and premature SEBs observed experimentally.
The simulations of Fig. 7 were done for the tests performed in vacuum and they include only interactions in the DUT itself. They give the minimum number of nuclear interactions that may have been encountered during the experiments. In practice, irradiations at high energies (about 10 MeV/u or higher) are often performed in air. The incoming beam undergoes interactions even before reaching the device. the three lowest energies, the incident ions stop in the depletion region and lose all of their energy in the diode. The measured spectrum then corresponds to the beam energy spectrum as seen by devices under irradiation. The vertical lines in Fig. 8 correspond to the target energies calculated using SRIM (version 1996) [24] . It must be noted that the main peaks of the distributions do not exactly match the target energies. It comes from uncertainties on the exact thickness of the Al degraders used or from the SRIM code itself which shows a few percent difference in the stopping powers compared to measurements, especially for the heavier ion species for this old SRIM version (1996) [25] .
Another point of interest concerns the shape of the measured distributions in Fig. 8 : besides the main peak corresponding to direct ionization, a tail of low energy events is visible in all distributions. Part of these low energy events comes from interactions undergone by the incident beam before reaching the DUT in air, degrader, and air/vacuum transition foil. When working with relatively high-energy beams, these lower energy events, i.e., higher LET than the primary beam, induce a distribution of high collected charge events. Fig. 9 is a plot of LET derived from the measured energy spectrum for 25 MeV/u Xe ions versus the number of counts. Nuclear events as low as about 1000 MeV in Fig. 8 (i. e., equivalent to Xe) translate into high-LET ions (60-70 MeV-cm2/mg). These high-LET ions have a maximum LET close to the LET of Xe ions at the Bragg peak and can trigger destructive events in a power MOSFET, if the device sensitive cross section is large enough.
For the highest energies in Fig. 8 (46 MeV/u), the beam range (about ) is longer than the depleted region of the PIN diode . In this case, the distribution displays both low and high collected charge events on both sides of the main peak. The low collected charge events are due to nuclear interactions before reaching the SSBD diode, while high collected charge Fig. 9 . LET distribution (green triangles) extracted from the energy distribution at 25 MeV/u from Fig. 8 The LET distribution is also plotted in terms of cumulative probability (grey stars).
events are due to nuclear interactions inside the diode itself. This latter case is qualitatively similar to charge collection in power MOSFETs, when the beam range is larger than the depth of the device sensitive layer. High collected charge events are then observed, corresponding to nuclear interaction products, traversing the DUT sensitive layer with a higher effective LET than the primary beam.
To summarize, the PIN diode is a very interesting tool to assess the beam energy spectrum and visualize the interaction mechanisms. The primary mechanism is the electronic stopping of the incident ion (i.e., direct ionization), revealed in the main peak of the distributions in Fig. 8 . The main peak is not perfectly monoenergetic because the incident ions also undergo some elastic scattering with the material nuclei. However the energy spread in the main peak is reasonable. In the worst-case, i.e., for the lowest energy distribution at 3.5 MeV/u, the energy spread at half maximum is less than 8% of the total energy. Besides electronic and nuclear stopping, inelastic nuclear interactions are also visible as they create significantly lower-energy (higher-LET) heavy secondaries. Even if these events are of lower probability (by about three to four orders of magnitude), it was demonstrated in this paper with experiments and Geant4 simulations that these events significantly contribute to device sensitivity.
One last point of interest about these nuclear events is illustrated in Fig. 10 . This figure displays the collected charge in the ENG-57230SE engineering devices with extra bond wires irradiated at RADEF with 9.3 MeV/u Ne ions in vacuum. This light ion was intentionally chosen to focus on collected charge and to avoid SEB. The ion LET is at the DUT surface, but it increases by a factor of 2.5 up to at the Bragg peak. The deposited charge by direct ionization in the epitaxial layer varies from 0.8 pC for the primary beam to 1.75 pC at maximum if the ions cross the extra bond wires (shaded area in Fig. 10 ). The distributions are plotted for three drain voltages (gate grounded), 50 V, 100 V and 200 V. As observed before (for example for the MM2G in Fig. 5 and with simulations in Fig. 6 ), the distributions show two main parts. The first part corresponds to the device response to direct ionization from the primary beam, i.e., from ions that do not cross the extra bond wires; it has the highest probability with the largest number of events . In this first part the collected charge is relatively low and increases moderately with drain bias, following a square root dependence (from 0.6 pC at 50 V to 1.2 pC at 200 V). The square root dependence corresponds to the increase in the depletion width in the epitaxial layer with drain bias. This behaviour has been observed in previous work (see Fig. 16 [16] and references therein).
The second part of the distributions corresponds to low probability events (here about 4%), but with high collected charge due to both shadowing and nuclear interactions. At low drain bias (50 V), the extent of the distribution remains reasonable (up to 1.6 pC), within a factor of 2.5 compared to the device response to the primary beam (0.6 pC). This factor of 2.5 fits with the ratio of the LET of Ne ions at the Bragg peak with the LET of the ions of the primary beam ( for 9.3 MeV/u Ne). At low drain bias (50 V), there is no amplification of the deposited charge, and the collected charge reflects the maximum LET events expected from shadowing and nuclear interactions. However, when the drain bias increases to 200 V, the distribution extends by more than one order of magnitude, up to 20 pC. This illustrates the fact that the device response at high voltage sharply increases when approaching the avalanche regime (see Fig. 16 in [16] ). At high voltage, if the charge is deposited at a worst-case location in the DUT, a moderate increase in the deposited charge due to shadowing or nuclear interactions results in a large difference in the collected charge. The deposited charge is amplified by avalanche multiplication and can result in a catastrophic event, such as burnout. The full and open symbols at RADEF and TAMU, respectively, correspond to normal incidence and tilted angles (45 and 60 ). At GSI all data were taken at normal incidence; the LET increases-from left to right-as the beam primary energy decreases successively at 1000-500-300-150-130-100 MeV/u. At RADEF, three conditions were used: in vacuum without diffuser, in vacuum with diffuser and in air at 1 cm from the air/vacuum transition foil. At TAMU and Fig. 11 compares the SEU cross-section of the reference SEU monitor at RADEF (9.3 MeV/u), TAMU (25 MeV/u) and GSI (100-1000 MeV/u). At GSI, all data were taken in air at normal incidence with ions. At TAMU, data were also taken with the 25 MeV/u cocktail in air without a degrader. At both TAMU and RADEF, data were taken at either normal incidence (full symbols) or at 45 or 60 angles (open symbols). At RADEF, three test conditions were used: in vacuum without or with a diffuser, or in air with the DUT placed 1 cm from the air/vacuum transition foil. The diffuser at RADEF is a tungsten foil situated several meters upstream in the beam's path. The LET is corrected for the different conditions: it slightly increases when working in air compared to vacuum. The error bars at 95% confidence i.e., "two sigma" of the Poisson statistical distribution [26] are kept below 20% of the cross-section value by measuring a minimum of 140 errors per point. In Fig. 11 the errors are smaller than the symbol sizes.
B. Energy Effects
Above the direct ionization threshold LET, at about , the SEU cross section is approximately the same for the different facilities, indicating consistent dosimetry measurements. However, at low LETs, below the direct ionization threshold LET, there is a strong discrepancy in the measured SEU cross sections depending on the beam energy. For example, around (see rectangle area in Fig. 11 ), the SEU cross-section at RADEF with 9.3 MeV/u N ions ranges from to depending on the test conditions; it increases by one order of magnitude with 25 MeV/u Ne ions at TAMU; but then decreases by more than three orders of magnitude from TAMU to the very high-energy test conditions (500 MeV/u Ni) at GSI. This significant decrease of the SEU cross-section at very high energies is confirmed with additional data in [27] .
Some energy effects have been shown previously in SRAM test vehicles [5] . P. E. Dodd et al. [6] showed a clear increase in the SEU cross-section below threshold in a designhardened bulk SRAM from low energies ( at BNL) to moderate energies ( at TAMU). S. Duzellier [4] showed a significant decrease of the SEU cross-section in a bulk 256-kbit SRAM (HM65656-MATRA MHS) from low energies to very high energies (250-400 MeV/u). These previously published data are consistent with our measurements despite the different generations and technologies of the SRAM test vehicles. Moreover, it is the first time that energy effects are shown in a single test vehicle. There is a clear identification of the worst-case energies in the range of 10's MeV/u, for SEUs below the direct ionization threshold. These SEUs are produced by secondaries from nuclear interactions.
For the very high-energy irradiations, 500 MeV/u ions at GSI (LET ), Fig. 12 shows the result of Geant4 simulations of the number of isotopes generated by incident particles. The DUT is the same as the one used in Fig. 7 . However, contrary to the simulation results in Fig. 7 , the distribution of isotopes is very large. They range without interruption from light to heavy particles. This shows that, for very high incident ion energies, the nuclear interactions involve a large number of cases in the break-up of the projectile and the target nuclei. Contrary to the 10's MeV/u irradiations where the heavy ion recoils have approximately the same atomic number as the projectile (Fig. 7) , the very high ion energy irradiations (100's MeV/u) result in a large spectrum of isotopes.
The probability for production of heavy secondaries for 500 MeV incident Ni ions is ; it is close to the probability observed for the 46 MeV/u Xe ion irradiations. However, only a few of the heavy secondaries effectively contribute to the observed SEUs.
On the right axis in Fig. 12 the average deposited energy per isotope is plotted. As expected, it increases with the recoil atomic number. Actually, because the incident ion has a very high energy, the secondaries also have high energies themselves, and relatively low LETs. Among the produced secondaries, only the heaviest ion species with approximately the same atomic number as the initial projectile, are likely able to deposit sufficient charge to induce SEU. This probably explains the low cross section observed in the SEU monitor below the direct ionization threshold for very high incident ion energies.
For lower energies at RADEF, Fig. 13 displays the energy spectrum measured with the PIN diode under vacuum and without a diffuser. The low energy events visible at probabilities are due to nuclear interactions in the diode itself and in the remaining elements in the beam's path (i.e., scattering on collimator's edges). Besides these low energy events, the energy spectrum for all species is very narrow. At the facility, the ions are extracted after the cyclotron and sorted using two magnets, which ensure minimum energy dispersion. The peak width is less than 0.5% at half maximum. Testing in vacuum, with little material in the beam's path provides a well-defined and narrow energy spectrum.
Fig. 14 shows the energy spectrum in different test configurations at RADEF for 9.3 MeV/u N ions. Fig. 15 is a translation of Fig. 14 in terms of LET. The energy decrease induced by the diffuser is very small, from 139 MeV without the diffuser to 137 MeV with the diffuser (Fig. 14) . When working in air at close distances from the air/vacuum transition foil (1 cm), the energy decrease is visible but moderate, down to 127 MeV. In terms of LET (Fig. 15) , the LET increase is also reasonable, from in vacuum to in air at 1 cm. However, at 3 cm, the energy decrease is significant, down to 95 MeV and the LET increases to . When testing in air at these energies, it is important to place the device close to the air/vacuum transition foil; otherwise, the energy loss and beam scattering become significant. Fig. 15 is plotted as a cumulative distribution of the LET spectra. The impact of nuclear interactions is evident on the right side of the distribution. For example, for an incident beam LET of , the LET spectrum actually extends up to . In the case of the SEU monitor, for which the direct ionization threshold is at (dotted line in Fig. 15 ), the cumulative distribution in Fig. 15 indicates that SEUs will be observed with a cross Section II to 3 orders of magnitude below the cross section measured above the threshold LET. For a cross section of about above threshold, SEUs are expected at RADEF with a cross section around , which is actually the observed value (Fig. 11) . The cumulative distribution in Fig. 15 also indicates that the lowest cross section is observed when testing in vacuum without a diffuser; it then increases if a diffuser is added. Finally, the worst case is observed when testing in air. Testing in air results in the largest amount of deposited charge from nuclear interactions, both in the DUT itself and in all material in the beam's path. While unavoidable in the DUT, nuclear interaction products can be minimized by testing in vacuum with minimum material in the beam's path whenever possible.
IV. DISCUSSION
Power MOSFETs and SRAMs have been irradiated over a wide range of beam conditions using several different heavy-ion test facilities. Experiments show that the measurement of rare events acquired at high fluence, like SEUs below the direct ionization threshold LET in SRAMs, or SEBs in power MOSFETs, are highly sensitive to the beam energy and test conditions. Testing at high fluence is more likely to induce large LET events because of shadowing from bond wires, or from nuclear interactions in the device itself, or in the beam's path before reaching the device, e.g., in collimators and degraders, in the air/vacuum transition foil and air if testing in air. This is typical of high-energy testing, and it cannot be avoided.
The presence of high LET events from shadowing, or heavy secondaries from nuclear events likely explains the "species" effect observed for power MOSFETs. The "species" effect is characterized by the fact that the device response (burnout or gate rupture voltages) is linked to the ion species, rather than to solely the ion LET [1] , [2] , [3] . The species effect is observed in the 10's MeV/u range (typical of RADEF, GANIL and TAMU). At these energies, the Geant4 simulations show that all heavy secondaries from nuclear interactions are close chemical elements of the projectile species with approximately the same atomic number. Since part of the incident ion energy is lost in the nuclear interactions, the heavy secondaries have lower energies-and thus, higher LETs-than the primary ions. As a rule of thumb, the maximum LET of secondaries is approximately the maximum LET of the incident ion species, i.e., the LET observed at the Bragg peak. Experimenters using 10's MeV/u energy beams, especially if working in air at high fluence, can expect worst-case events at the maximum LET of the used beam species. Consequently, if a device is sensitive to the species effect, the worst-case test conditions will be with the heaviest ion species.
One might object and say that the heavy secondaries from nuclear interactions may not be as efficient as a normally incident beam to induce SEB or SEGR because of their large angular distribution. The worst-case for SEB and SEGR testing has effectively been experimentally observed at normal incidence [28] , [29] , [30] , [31] . However, for SEGR, the dependence with the beam angle is not very sharp (proportional to [31] ), meaning that all angles below 30 are almost all equally efficient to induce SEGR. For SEB also, the angle dependence is not particularly sharp; it actually depends more on the device structure and the charge deposited in the low-doped epitaxial layer below the gate of each elementary transistor [32] . It is also worth mentioning that even if nuclear recoils display a significant angular distribution, there is a pronounced preferred emission angle in the forward direction [33] , [34] . Furthermore, if the nuclear interaction occurs upstream in the beam's path, the angular distribution of the high LET heavy secondaries reaching the device is actually close to normal incidence. Consequently, nuclear interactions are a very likely cause of the "species" effect observed for SEGR and SEB, in addition to test artifacts like shadowing from bond wires.
Despite the inevitable nuclear products at high energy, testing at low energy (below the Bragg peak) is not recommended.
In the case of the tested 200 V power MOSFETs, the worst case was observed around 6 MeV/u corresponding to the maximum effective LET (i.e., deposited charge) due to direct ionization in the tested device's sensitive volume. Below this energy, the deposited charge in the sensitive layer decreases and the SEB voltage increases. Moreover, any interference and errors in beam tuning at low energy result in large uncertainties in the effective LET and deposited charge. As a result, testing at low energies, especially for devices with a relatively thick sensitive volume, is not recommended for qualification testing. In any case, the characterization of the beam energy spectrum should be mandatory at all facilities. It is highly recommended for experimenters to know the beam energy spectrum for an adequate analysis of their single-event-effects (SEE) results.
Note that the probability of high-LET events due to nuclear interactions does not necessarily increase with beam energy. There is apparently a worst case, in the 's MeV/u energy range. At higher energies, in the 100's MeV/u range, the SEU cross section of the SRAM at low LET (below the direct ionization threshold) decreases by several orders of magnitude. At very high energies, Geant4 simulations show a different distribution of the heavy secondaries; contrary to the 10's MeV/u energies, the distribution of secondaries is very large, ranging without interruption from light to heavy particles. However, only the heaviest ones, with approximately the same atomic number as the initial projectile, actually contribute to the measured SEUs.
If the SRAM results in Fig. 11 are read according to the "species" effect, it appears that the heaviest species provide the worst-case results for ions with energies in the 10's MeV/u range. For example, at , the worst case corresponds to the 25 MeV/u Ne ions at TAMU, which were the heaviest ions and results in worst-case SEU cross sections compared to the 9.3 MeV/u N ions at RADEF. The species effect is then valid in the 10's MeV/u range. However, in the 100 MeV/u range, the species effect is not valid anymore. Although the 500 MeV/u ions are the heaviest species compared to N and Ne ions, they do not result in the worst-case SEU cross section. This is also most probably the case for power MOSFETs. The species effect is visible in the 10's MeV/u range for sensitive devices, and the worst-case results are provided by the heaviest species. However, at very high energies (100's MeV/u), the species effect disappears to the benefit of LET, which becomes the dominant parameter. This was observed in [27] with U ions at very high energies (80-255 MeV/u range). Nonetheless, additional data are needed to confirm and refine this effect.
V. CONCLUSION
In this paper, some important parameters for SEE testing were reviewed. It appears that working at high fluence maximizes the probability for detecting rare events, including those from shadowing or nuclear interactions. Testing in air compared to vacuum induces additional large LET secondaries, because of nuclear interactions in the beam's path. In vacuum and without elements in the beam's path, nuclear events are also observed but with lower probability since nuclear interactions can only occur in the DUT itself. In all cases, the expected maximum LET from shadowing or nuclear interactions is close to the incident beam LET at the Bragg peak. For both SRAMs and power MOSFET, the worst-case energies are observed in the 10's MeV/u range where the heavy secondaries from nuclear interactions are close atomic elements to the primary beam species. Additionally, if a device is sensitive to the species effect, the worst-case test conditions will be with the heaviest ion species. The species effect tends to disappear at very high energies because of the lower probability of heavy recoils close to the beam species.
To conclude, there are no "ideal" test conditions. The user has to determine the respective importance of the different parameters for the tested device. It is the experimenter's responsibility to ensure that the experiment is performed using the worst-case conditions in terms of ion species and energy (dependent on facility availability), as specified in the radiation environment of the intended space application.
